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I° 
Phototropic circus movements of the slug, Limax  maximus,  with 
illumination constant, are affected in a curious way by temperature. 
Above 15°C, the amplitude of circling is an exponential function of the 
temperature, and the concomitant rates of linear progression decrease 
as the temperature rises.  Below 15  ° the rate of creeping is an expo- 
nential function of temperature, while the amplitude of the turning 
posture  is  inversely  proportional  to  the  speed  of  creeping.  The 
temperature  characteristic,  #  of  Arrhenius'  equation, is  the  same 
(16,800) for both amplitude of circling posture (above 15  °  )  and rate 
of  linear  movement  (below  15°).  The  interpretation  proposed 
(Crozier  and  Federighi,  1924-25)  for  these  facts  turned upon  (a) 
the central nervous partition of the impulses proceeding (1)  to the 
creeping mechanism and serving to release pedal waves, and (2), to 
the parietal muscles concerned with orientation;  and (b),  upon the 
dynamic efficiencies of the two sorts of effector response.  The validity 
of this conception may be tested by attempting to separate in  an 
analytical way the central mechanisms respectively having to do with 
control of the pedal organ and with the maintaining of differential 
bilateral tonus.  It is shown in the present paper that such separatio  n 
is possible. 
The  most  delicate  method of  accomplishing this  purpose is  to 
utilize the selective effects of neurophil drugs.  It was pointed out 
(Crozier  and Federighi,  (1924-25)  that under certain conditions a 
Limax into which strychnine solution had been injected will creep 
rapidly in  a  straight llne,  even  though one eye-tentacle has  been 
removed  and  the  animal is  illuminated from  above;  under  these 
221 
The Journal of General Physiology222  PHOTOTROPIC  CIRCUS  MOVEMENTS  OF  LIMAX 
circumstances a non-strychninized Limax circles continuously toward 
the  de-tentacled side (Crozier  and  Cole,  1922;  Crozier,  1922-23). 
But this proof of interconnecfion between the nervous mechanisms of 
creeping and of turning is incomplete; it might be that in these tests 
mere rapid creeping mechanically hindered circling.  We have there- 
fore attempted to make the demonstration more convincing. 
II. 
Since the time-course of the sequence of events due to the injection 
of a Limax with strychnine depends upon the amount and the con- 
centration of the  drug solution,  it is  desirable  to  demonstrate the 
degree  of  specificity  manifested  in  the  effects  of  this  substance. 
From this standpoint the actions of eleven other neurophil substances 
have been examined.  The reactivity of the head region is markedly 
enhanced following injection of strychnine, camphor, nicotine, phenol, 
or picrotoxin.  Extension  of  the body is  increased by  strychnine, 
camphor, or picrotoxin.  But  the general effects of each substance 
are specific.  Pilocarpine,  for example, is peculiar in producing an 
almost complete loss of tone in the body musculature; the slug seems 
to collapse; when picked up by grasping at any point with forceps, 
the animal is like  a  sac,  the internal organs flowing to  the lowest 
point.  Strychnine is peculiar in  that it alone of substances  tested 
evokes "reversal of inhibition."  Thus if the caudal keel be rubbed 
gently, in a  normal Limax,  the tentacles are extended and creeping 
is promptly initiated; but under strychnine this sort of stimulation 
causes forcible retraction of the head structures,  the rapid forward 
extension of the mantle, and even the folding of the mantle ventral- 
ward, "protectively," over the anterior end of the foot. 
Effects of the general type thus shown to be more or less charac- 
teristic of strychnine action are known to be produced by it in other 
mollusks (Fr61ich,  1910;  Moore,  1916-17;  Chromodoris, Crozier and 
Arey,  1919;  Onchidium, Crozier  and  Arey,  1919-20;  Chcempleura, 
Crozier,  1919-20).  Since  the  central effect of  strychnine  may  in 
at least some instances be understood to depend upon the  elective 
excitation of particular groups of motor neurones, and since, in Limax, 
moderate doses do not interfere with local reactions of the integument 
nor with the mechanism of locomotion, its use is indicated as  most 
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IIl. 
Preliminary experiments showed  that  at  a  certain  stage  in  the 
progress of strychninization the slugs no longer responded to light. 
This effect may persist for a number of hours.  It is probably due to 
an influence upon essential normal central nervous processes, because 
non-injected normal individuals may occasionally fail to respond to 
light for periods of a day or longer; temporary phases of non-reactive- 
ness to photic excitation may be purposely brought about by certain 
types of feeding. 
Experiments were begun 2 hours after the injection of 0.5  cc.  of 
saturated strychnine hydrosulfate solution.  The slugs had  2  days 
before undergone the amputation of one eye-tentacle.  Circus move- 
TABLE I. 
Effect of Strychnine  in  Suppressing  Phototropic  Circus  Movements  of Limax;  4 
Sets of Experiments  (23 Animals), Tested 2 to 3 Hours after Receiving 
Injection  of 0.5 Cc. Saturated Strychnine  Hydrosulfate. 
Temperature.  Circus  movement,  Velocity of creeping, 
degrees per cm.  cm. per mm. 
°C. 
29.5 
29.6 
29.8 
30.1 
10.8 
11.75 
18.17 
17.88 
0.065 
0.070 
0.077 
0.103 
Control, normal  animals..  29.8  82.86  0.053 
ment tests were carried out at about 29.7 °.  A high temperature was 
chosen  because  the  normal  phototropic  deflection,  measured  as 
degrees deflection per cm. of path, is increased the higher the tem- 
perature  (Crozier and Federighi, 1924-25).  Opportunity is thereby 
given for the enhancement of any circling tendency.  Moreover, with 
doses of strychnine of the concentration used, the animal creeps more 
slowly than do non-injected, non-circling animals; so that with these 
individuals  the  expression  of  orientation  cannot  be  mechanically 
hampered by  the vigor of the  creeping movement.  The light  in- 
tensity  and the other conditions of the experiment were exactly as 
described in  our previous paper  (Crozier and Federighi,  1924-25). 
Non-injected animals of similar size and history were used as controls. 224  PItOTOTROPIC  CIRCUS  MOVEMENTS  OF  LIMAX 
The table summarizes the results of these tests. 
In these tests there is detected a slight residuum of phototropism, 
and it will be noticed that the amplitude of turning and the velocity 
of creeping are increased by even a  small increase in  temperature. 
But the amount of circling is only about one-fifth as great as that of 
non-strychninized animals.  Correspondingly, the rate of locomotion 
is higher than with the non-injected, circling individuals. 
The practical abolition of phototropism was also demonstrated by 
means of experiments involving horizontal illumination with lateral 
light.  The results are consistent with those already described, but 
cannot so easily be expressed in a quantitative way. 
IV. 
CONCLUSION. 
By injection with  strychnine the phototropic  circus movements 
of  the  slug  Limax  maximus  may be  suppressed,  its  phototropism 
abolished.  The creeping activity of the foot is not in any essential 
way interferred with.  Strychnine produces in Limax central nervous 
effects of the sort associated with its characteristic action.  Hence, 
although an effect of the drug upon photoreceptors cannot be definitely 
excluded, the experimental result is held to demonstrate that in orien- 
tation during circus movements there occurs central "competition" 
between impulses resulting (i) in the release of pedal waves and (2) 
in the maintenance of a  turning posture. 
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